Inevitably, ENMs will enter the environment and the predicted concentrations in surface 60 waters are in the low µg l -1 range or less, depending on the type of material. 4 However, an 61 important final sink for ENMs is the soil environment. 5 ENMs may find their way into soils 62 directly through the application of nano-enhanced biocides or fertilisers, from atmospheric 63 deposition, leaching from streams, and also accidental releases. However, a main concern for the 64 fate of ENMs is the application of sewage sludge to agricultural soils; where environmental 65 concentrations of ENMs in sludge-amended soil are expected to be around the µg kg -1 range. 6 
66
Worse case predictions in the mg kg -1 range have also been reported for soils. 7 Unfortunately, the 67 quantification of ENM release into the environment, especially in complex matrices such as soil, 68 is very challenging 8 and there is a dearth of field measurements from natural soils to confirm any 69 predictions.
70
Soil quality is important to the health of terrestrial ecosystems, for agriculture, and for ). For Cu and other metals, the hazard to wildlife and human health from ingested soil is 77 not from the total metal content of the soil, but the bioavailable fraction that may be taken up 78 internally by the organism. From an environmental chemistry perspective, the dissolved metal in 79 the pore water and any labile metal easily removed from the soil grains might be regarded as bioavailable. For ingested soil, the bioaccessible fraction is also considered. The precise 81 distinction between 'bioavailable' and 'bioaccessible' fractions of contaminants is debated (e.g., 82 Semple et al. 12 ), but the bioaccessible fraction can be defined as the fraction released in the gut 83 lumen during digestion that has the potential to be taken up by the organism. 13 In the context of 84 human exposure to ingested soil, the bioaccessible fraction represents the maximum amount of 85 contaminant that is available for intestinal absorption. Regardless of the definitions, these 86 concepts were developed with the dissolved metal paradigm in mind, and as yet, it remains 87 unclear if these notions can also be applied to ENMs.
88
It is estimated that children ingest 100 mg of soil a day 14 , and this is a concern for human 89 health risk assessments. Thus for the predictions of 100 µg kg -1 of Cu ENMs in soil above, this 90 might represent a daily ingestion of 0.01 µg in the nano form. Copper is an essential nutrient,
91
with humans requiring 1 -2 mg of Cu day -1 , and under these normal circumstances the 92 bioavailability of Cu salts is around 30 -40% of the dose. 15 However, the gut is a protective 93 barrier, and absorption declines exponentially with dose, so that only a few percent is 94 bioavailable across the gut in potentially toxic situations.
15,16
Whether or not nano forms of Cu 95 behave in this way is unclear, but for TiO2 particles at least, the metal uptake rates across the 96 vertebrate intestine are consistent with a bioavailable fraction of a few percent of the dose. 17 
97
Of course, it is not possible to conduct human oral exposure studies on contaminants, and 98 for risk assessment purposes data on uptake of ENMs has been collected using oral gavage 99 studies in rodents; 18 or in vitro models such as Caco-2 cells 19 and perfused intestines. The large intestine is not simulated in these models, as it is assumed that most of the 
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The ENMs, bulk CuO and CuSO4 were mixed into the soil as dry powders by hand to 155 ensure the test substance was evenly distributed, and the soils were then wetted to 50 -55% which is an ironstone soil from Lincolnshire, England was also used to validate the analytical 170 chemistry. This reference soil had not been used in the earthworm tests. In order to ensure 171 complete soil re-homogenisation, the BGS 102 soil sample bottle was shaken manually for a few 172 minutes before it was opened. The soil reference samples were digested and chemically analysed strictly using the same approach applied to the LUFA 2.2 soil samples, but without any additions 174 of Cu materials. with n = 60 measurements of particle diameter per sample (conducted manually using ImageJ).
184
The particle size distribution of the ENMs in the stock dispersions were also measured by 185 nanoparticle tracking analysis (NTA) using a Nanosight LM 10 (Malvern Instruments, UK).
186
Three sub-samples from each of the fresh stock suspensions were vortexed for 10 s immediately 187 before analysis by NTA (Table 1) .
188
Dialysis experiments were conducted in Milli-Q water at room temperature to measure This acidic mixture was allowed for a few minutes to develop into a golden coloured solution. 
212
Acid digestion of the earthworms following day 7 and day 14 soil exposure is described 213 elsewhere.
24
In addition, the original ENMs, bulk CuO and the equivalent metal salt, as dry The bioaccessible fraction (BAF) was calculated as a percentage of the total metal for each box 258 from the earthworm study, and for the BGS reference soil using Eq. (1) The exposure was confirmed by the measured total copper following the aqua regia digestion of 315 the soil samples (Fig. 1) . (Fig. 1) . All the Cu-dosed soils showed an increase in Cu concentration (Fig. 1 ) that 320 was consistent with the material types presented, and the relative proportions of Cu on a mass 321 basis expected in the different particle forms (Table 1) . From correlation analysis (Fig. S2) that measured a higher mean concentration of Cu following the gastro-intestinal phase digestion.
331
At the 1000 mg Cu kg -1 soil concentration (Fig. 1B) In Fig. 3 , the concentration of total Cu in the soil (Fig. 3A) and the percentage of bioaccessible 376 fraction (Fig. 3B) for the gastro-intestinal phase were plotted against the maximum dissolution 377 rates of copper following dialysis experiments of the different test materials in Milli-Q water. 
384
In contrast to the dissolution rate data, there was a clear correlation between the gastro- Table 1 ). (see Table S2 ). In addition, the BAF values were 35% in the gastric phase and 40% in 432 the gastro-intestinal phase for Cu (Table S3 ). These BAF values are entirely consistent with 433 previous findings from Hamilton et al.
32
, with a mean reported Cu BAF of 33%. Furthermore,
434
measurements of the BGS 102 reference soil were within acceptable limits for a standard 435 method, with coefficients of variation being 10 % or much less (Table S3 ).
436
The LUFA 2.2 soil is also relatively well-known and has been widely used in soil 437 ecotoxicity testing with earthworms. Its natural mean Cu content is low (3 mg Cu kg -1 soil, Table   438 S2), in agreement with measured metal concentrations in uncontaminated soils. 33 Criel et al. handle' substances, they present a number of challenges to the standard methods used in 445 regulatory testing (reviews, Handy et al.
36
; Selck et al.
37
). One concern is whether or not the sum BAF values for CuSO4 (Table S3) . Furthermore, despite the challenges of handling ENMs, the
455
CVs for the particulate forms of Cu were in the same range (Table S3 ). The only exceptions were 456 the CuO-PEG NPs which showed variations as high as 26%, and the bulk CuO material with
457
CVs ranging between 7 -26%. While these latter variations are not as low as one would prefer (Table S2 ). The calculated mean BAF for the metal salt (Table S3 , Fig. 2 ) did not 474 differ (t-test, p > 0.05) between the gastric (73%) and the gastro-intestinal phase digestion (77%).
475
These values are much higher than found by simpler CaCl2-extractable Cu measurements in 476 contaminated LUFA 2.2 soil where only about 30% or less of the Cu is labile.
40
The fact that the
477
Cu from CuSO4 was predicted as bioaccessible to both the stomach and the intestines is not 478 surprising given the solubility of the metal salt. However, the uptake of dissolved Cu by the gut 479 also depends on the anatomical locations of the necessary Cu transporters in the gut epithelium.
480
Pharmacological studies with gut preparations of vertebrate animals show it is the intestines, not the metal salt, were not statistically different and remained around 70% (Fig. 2) . There was no 494 evidence of any difference between the particles and the metal salt that might infer a particle 495 size-effect, and no particle-coating effects (Fig. 2 , Table S3 ). Arguably, this observation for the 496 stomach could be explained by the strong acid (pH < 1.5) simply dissolved the different 497 materials at similar rates; regardless of their surface areas or aggregate sizes (Fig. 1) However, the Cu bioaccessibility from soil was generally was similar for each substance 505 in both the acidic gastric phase and the neutral gastro-intestinal phase (Fig. 2 , Table S3 ). There found that BAF values for arsenic in soils correlated with total As accumulation in earthworms.
552
Similarly in the present study, the measured Cu remaining in the soil following the gastro-
553
intestinal phase correlated with the Cu concentrations in the worms (Fig. 3C) 
